Abstract: A series of casting experiments was conducted with A356 aluminum alloys by applying vibration treatment and using Al-TiB 2 composite master alloys. The main vibration effects include the promotion of nucleation and a reduction in as-cast grain size. Using composite master alloys with titanium diboride microparticles allows further reduction in the average grain size to 140 µm. The reasons for this behavior are discussed in terms of the complex effect on the melt, considering the destruction of dendrites, and the presence of additional crystallization centers. Tensile tests were performed on the samples obtained during the vibration treatment and with titanium diboride particles. The tensile strength increased from 182 to 227 MPa after the vibration treatment for the alloys containing titanium diboride.
Introduction
Aluminum alloys are attracting the attention of researchers due to their wide application as structural materials in various industries, such as transport, aerospace, and construction. Of particular interest among the cast alloys based on aluminum are Al-Si system alloys, which are characterized by good mechanical and metallurgical properties [1] . Based on the classical concepts of mechanics and solid-state physics, the deformation and fracture of crystalline solids are the main phenomena that determine the behavior of materials under loads. The strain resistance of metallic materials in the solid state can be increased by using an alloy structure refinement [2, 3] . In practice, the best-known methods for obtaining a fine-grained microstructure of cast aluminum alloys are (1) melt treatment using external fields (vibration [4] [5] [6] , ultrasound [7, 8] , and electromagnetic stirring [9, 10] ); and (2) the use of grain refining master alloys [11] [12] [13] .
Vibration treatment is one of the most cost-effective melt processing methods using external fields. As shown in some studies, the vibration treatment of metallic melts has a number of advantages, including degassing and the destruction of dendrites) [1, 5, 14, 15] . Reducing the grain size was experimentally shown to increase with increasing vibration frequency up to a certain value [16] . This was confirmed by other studies [17] [18] [19] .
Completely describing the mechanisms of elastic vibrations in a metallic melt and on the resulting crystal structure is difficult due to the variety of process parameters, such as vibration parameters, the volume of a test sample, melt properties, temperature, etc. [20] [21] [22] . However, the practical outcomes have been reliably confirmed, including microstructure refinement, reduction, or complete elimination of columnar structure due to equiaxed crystal growth, refinement of dendrite arm spacing, improved plastic, and strength and special properties for metals and alloys [5, 23] . The results of a case study on the influence of mechanical vibration parameters (frequency and amplitude) on the microstructure and mechanical properties of A356 aluminum alloy were presented by Kumar S. et al. [24] . The authors found that tensile strength, yield strength, and elongation were increased by 27%, 18%, and 52%, respectively. The effects of frequency and processing time on the size of the primary α-Al solid phase and density of an A356 aluminum alloy were studied [14] . The maximum grain refinement occurred at a frequency of 50 Hz and a treatment time of 15 min, and the size of the α-Al grains decreased to 173 µm. Selivorstov V. et al. [25] concluded that the best mechanical properties were achieved after treating an A356 alloy at frequencies of 100 Hz and 150 Hz, and tensile strength and yield strength increased by 20% and 10%, respectively.
Titanium carbide and titanium diboride are used for refining the grains of aluminum alloys [26] . Due to good crystallographic compatibility with the matrix and some other mechanisms, these phases act as nucleation centers [27] [28] [29] . The microstructure and mechanical properties of an Al-4%Cu alloy with master alloys containing TiB 2 particles was examined by Krishna N.N. et al. [30] . In addition to being grain refining agents, these particles-if added in sufficient quantity-can act as reinforcement. The introduction of TiB 2 hardening particles in the Al-4%Cu alloy resulted in an increase in yield strength under tension. Similar results were obtained by other researchers [31, 32] . TiB 2 particles used for modifying aluminum alloys are particularly attractive as TiB 2 particles have high hardness and conductivity [33] . In contrast to SiC particles, TiB 2 does not react with aluminum, therefore the formation of unstable products at the particle-matrix interface can be avoided with their use [34] [35] [36] [37] [38] .
Thus, titanium diboride particles can be used to effectively manage the properties of aluminum alloys. However, introducing nonmetallic particles into the melt is challenging due to their agglomeration and non-uniform distribution in an ingot structure. To address this concern, various kinds of external actions on a metal melt are used. Many studies have examined the effects of ultrasound [12, 39] and electromagnetic treatment [9, 40] on aluminum melts. Vibration treatment is another method with external physical effects on a melt that are applied for improving the microstructure and, therefore, mechanical properties of aluminum alloys. Vibration treatment is an economical and simple method to control the melt and solidification. Vibration treatment provides excellent performance and energy consumption is reasonable.
However, issues related to the simultaneous effect of vibration treatment and modifying particles on the changes in structure and the improvement in mechanical properties of aluminum alloys are not well studied. The aim of this work was to study the combined effect of additions and vibration treatment on the as-cast structure and mechanical properties of an Al-Si aluminum alloy.
Materials and Experimental Procedure
A bespoke vibrating table was used to perform the vibration treatment. A356 aluminum alloy (United Company RUSAL Plc, Krasnoyarsk, Russia) was used as a matrix alloy, being a typical casting alloy for the automotive industry. Materials obtained using self-propagating high-temperature synthesis (SHS) from the Al-Ti-B powder system were applied as master alloys for modifying the aluminum structure.
To conduct SHS, the following powders were used: titanium powder (POLEMA, Tula, Russia; average particle size 100 µm), aluminum powder (United Company RUSAL Plc, Shelekhov, Russia; average particle size 80 µm), and amorphous boron powder (AVIABOR JSC, Dzerzhinsk, Russia; average particle size 800 nm). The preparation of the Al-Ti-B batch mixture for the SHS-process was implemented as follows. Titanium and boron powders were blended in a stoichiometric ratio of 69/31 wt%. Aluminum powder was added to the mixture in an amount of 50 wt%. From the obtained powder mixtures, samples with a diameter and a height of 40 mm were compacted at a pressure of 170 MPa. The compact was placed in a 3-L SHS reactor. After vacuum evacuation of the working chamber, the reactor volume was filled with argon up to a pressure of 1.5 MPa. The SHS process was initiated locally using a molybdenum spiral. We produced composite master Al-TiB 2 system alloys that were used for alloy modification.
The experiment methodology for vibration treatment and master alloy introduction into an aluminum melt was implemented as follows: the charge of an A356 alloy (≈1 kg) was placed in a crucible located in a melting enclosed-type furnace at a furnace temperature of 800 • C. The alloy was melted and kept in the furnace for at least 1 hour. Then, the crucible was removed from the furnace and the molten metal was poured at a temperature of 700 • C in a preheated chill mold with a cylindrical cavity (diameter 30 mm, height 110 mm), which was located on a vibrating table (Figure 1 ).
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The experiment methodology for vibration treatment and master alloy introduction into an aluminum melt was implemented as follows: the charge of an А356 alloy (≈1 kg) was placed in a crucible located in a melting enclosed-type furnace at a furnace temperature of 800 °C. The alloy was melted and kept in the furnace for at least 1 hour. Then, the crucible was removed from the furnace and the molten metal was poured at a temperature of 700 °C in a preheated chill mold with a cylindrical cavity (diameter 30 mm, height 110 mm), which was located on a vibrating table ( Figure  1 ). To assess the integrated effect of modification and vibration treatment, another experiment was carried out. The Al-TiB2 master alloy (0.5 wt%) was introduced into the A356 aluminum melt, after which the vibration treatment was applied. A special mixing device was used to uniformly distribute the master alloy (SHS materials) into the melt volume. A detailed description of the mixing device is provided by Vorozhtsov S. et al. [41] . The mixing was carried out for 30 s with subsequent casting into a steel chill mold located on the vibrating table.
A vibration frequency was 60 Hz and the processing time was at least 15 min (until complete crystallization of the melt). For a comparative assessment, samples without master alloy introduction and vibration treatment were also cast.
The 5 × 5 mm samples were cut from the center of the cylindrical casting and subjected to mechanical grinding and polishing. Anodizing was used to obtain color images of the grains and was performed using a 5% solution of HBF4 with a voltage of 20 V and a current of about 1 A for 30 s. The grain size was evaluated by the random secant method, with no less than 300 measurements for each sample.
The structure of the obtained castings was studied using optical microscopy using a microscope Olympus GX-71 (Olympus Scientific Solutions Americas, Waltham, MA, USA) and by scanning electron microscopy (SEM) using electron microscopy Quanta 200™ 3D microscope (FEI Company, Thermo Fisher Scientific, Waltham, MA, USA). Mechanical tests were performed on an Instron ® 3369 universal testing machine (Instron ® , ITW Test & Measurement group, Norwood, MA, USA). Tensile specimens were in the form of flat blades with a working length of 25 mm and a cross-section of 1 × 5 mm. For each alloy, three tensile specimens were used. To assess the integrated effect of modification and vibration treatment, another experiment was carried out. The Al-TiB 2 master alloy (0.5 wt%) was introduced into the A356 aluminum melt, after which the vibration treatment was applied. A special mixing device was used to uniformly distribute the master alloy (SHS materials) into the melt volume. A detailed description of the mixing device is provided by Vorozhtsov S. et al. [41] . The mixing was carried out for 30 s with subsequent casting into a steel chill mold located on the vibrating table.
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The structure of the obtained castings was studied using optical microscopy using a microscope Olympus GX-71 (Olympus Scientific Solutions Americas, Waltham, MA, USA) and by scanning electron microscopy (SEM) using electron microscopy Quanta 200™ 3D microscope (FEI Company, Thermo Fisher Scientific, Waltham, MA, USA). Mechanical tests were performed on an Instron ® 3369 universal testing machine (Instron ® , ITW Test & Measurement group, Norwood, MA, USA). Tensile specimens were in the form of flat blades with a working length of 25 mm and a cross-section of 1 × 5 mm. For each alloy, three tensile specimens were used.
Results and Discussion
The presence of inclusions in the solidification process under vibration and ultrasound has received considerable attention [42, 43] . These inclusions can provide additional centers of solidification under certain conditions, so the additional effects of vibration on this process are of interest. The Al-TiB 2 master alloy used in this study has a structure as shown in Figure 2 . A detailed analysis of structure formation and phase composition for such master alloys is provided elsewhere [44] . 
The presence of inclusions in the solidification process under vibration and ultrasound has received considerable attention [42, 43] . These inclusions can provide additional centers of solidification under certain conditions, so the additional effects of vibration on this process are of interest. The Al-TiB2 master alloy used in this study has a structure as shown in Figure 2 . A detailed analysis of structure formation and phase composition for such master alloys is provided elsewhere [44] . The average particle size of titanium diboride in the master alloy was about 3-5 µm. It was easy to introduce the obtained master alloy into the melt due to the good separation of the particles by the aluminum matrix.
Gao Q. et al. [45] studied the formation of TiB2 particles in the Al-4.5 wt.% Cu alloy in situ with introducing KBF4 simultaneously with ultrasonic treatment. The authors found that titanium diboride particles mainly formed along the boundaries of aluminum grains and produced agglomerates, whose size was commensurate with that of aluminum grains. This alloy structure has a negative impact on its properties. As such, using composite master alloys, where TiB2 particles are separated by a metal matrix (Al), is more efficient than the formation of titanium diboride in situ in an aluminum melt.
The microstructures of А356 aluminum alloys with and without 0.5 wt% titanium diboride addition (before and after vibration treatment) are presented in Figure 3 . The average particle size of titanium diboride in the master alloy was about 3-5 µm. It was easy to introduce the obtained master alloy into the melt due to the good separation of the particles by the aluminum matrix.
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The microstructures of А356 aluminum alloys with and without 0.5 wt% titanium diboride addition (before and after vibration treatment) are presented in Figure 3 . The microstructures of the A356 samples demonstrated that, during vibration treatment, significant structural changes occurred. This was reflected in the decreasing average grain size (<d>) of 180 µm compared to that of the initial A356 alloy of 252 µm.
The combined effect of TiB 2 particles and vibration treatment of the melt considerably affected the grain size. There was a decrease in the average grain size of 252 ± 20 µm (initial A356 alloy) to 140 ± 12 µm (A356 + 0.5 wt% TiB 2 after vibration treatment). The decrease in grain size appears to be associated with the presence of additional crystallization centers.
The main purpose of vibration treatment of the melt is to reduce the chemical and structural heterogeneity of solidified alloys, as well as microsegregation. The results show that applying vibration to the A356 aluminum melt actually led to a significant structural refinement. The structure of the alloy transformed from dendrite to fine-grained. We found that the average grain size after the vibration treatment was 180 ± 10 µm. The probable reason for this finding is the fragmentation of dendrites and the distribution of the fragments via vibration-induced flows in the liquid and slurry volume, effectively leading to grain multiplication. Thus, vigorous mixing of the melt in the liquid and slurry parts of the casting is the main cause of changes in the ingot structure obtained after the vibration treatment.
The effects of vibration on the melt influence the final microstructure due to two principal mechanisms: (1) creation of periodic tension-pressure forces and (2) forced convection in the molten alloy [46, 47] . Both affect the origin and growth of grains in the solidifying alloy. The vibration energy generates waves in the liquid alloy. Periodic tension-pressure forces are induced in the liquid elements as these waves pass. The vibration energy results in forced convection in the liquid. The flows caused by vibration affect the dendrite structures and lead to their destruction. When dendrites are destroyed, their parts collide with others, leading to their destruction as well. The nuclei are separate fragments of the dendrites for the creation of new grains during the alloy solidification [48] . Thus, vibration treatment significantly affects the formation of the alloy structure, with titanium diboride particles serving as additional centers of crystallization and contributing to the structure refinement [49, 50] .
Mechanical tensile testing of the A356 aluminum alloy and its variant ( Figure 4) showed an increase in yield strength from 67 ± 6 to 121 ± 7 MPa after vibration treatment of the A356 alloy, whereas the tensile strength remained unchanged at 182 ± 7 MPa and the elongation dropped two times. The microstructures of the А356 samples demonstrated that, during vibration treatment, significant structural changes occurred. This was reflected in the decreasing average grain size (<d>) of 180 µm compared to that of the initial А356 alloy of 252 µm.
The combined effect of TiB2 particles and vibration treatment of the melt considerably affected the grain size. There was a decrease in the average grain size of 252 ± 20 µm (initial А356 alloy) to 140 ± 12 µm (А356 + 0.5 wt% TiB2 after vibration treatment). The decrease in grain size appears to be associated with the presence of additional crystallization centers.
Mechanical tensile testing of the A356 aluminum alloy and its variant (Figure 4) showed an increase in yield strength from 67 ± 6 to 121 ± 7 MPa after vibration treatment of the А356 alloy, whereas the tensile strength remained unchanged at 182 ± 7 MPa and the elongation dropped two times. The introduction of 0.5 wt% titanium diboride particles with subsequent vibration treatment of the melt helped to improve the tensile test properties: yield strength increased to 151 ± 7 MPa and The introduction of 0.5 wt% titanium diboride particles with subsequent vibration treatment of the melt helped to improve the tensile test properties: yield strength increased to 151 ± 7 MPa and tensile strength to 227 ± 10 MPa with a small decrease in the plasticity compared with the initial A356 alloy. Table 1 presents mechanical properties of the A356 alloy before and after vibration treatment. The increase in composite strength characteristics compared with the initial A356 alloy may be related to the presence of structure heterogeneities that significantly affected the final mechanical properties of the materials. The mechanical properties were apparently formed due to the contribution of two mechanisms resulting from the presence of titanium diboride particles in the material structure. In the first case, the mechanism was due to the influence of the hardening particles on material properties (composite strengthening). The Hall-Petch law, as the second mechanism, appeared to be applicable in response to reducing a grain size of composites (A356 + 0.5 wt% TiB 2 ) from 252 ± 20 µm to 140 ± 12 µm after the vibration treatment (in comparison with an initial alloy).
We observed an improvement in elastic and plastic characteristics with the introduction of 0.5 wt% TiB 2 . The simultaneous increase in the elastic and plastic characteristics can be explained by a more uniform deformation of the material due to the introduced particles. Belov N.A. [51] suggested that the introduction of particles into the grain body can lead to the deviation of a potential crack from the grain boundary into its volume, and to a greater involvement of the aluminum matrix in the process of deformation and fracture. Uniformly distributed particles can produce maximum plastic deformation of the matrix during crack propagation [51] and prevent the formation of main cracks [52] . A large number of particles can increase the density of interphase boundaries in the structure, reducing the role of grain boundaries as stress concentrators. As a result of the influence of all factors, the fracture mode of the alloy varied from intergranular to transgranular, leading to an increase in fracture toughness, as shown in Figure 5 . The proposed hypothesis is in good agreement with the data obtained using the scanning electron microscope. We observed microparticles of titanium diboride uniformly distributed over the volume of the material in the structure of A356 + 0.5 wt% TiB 2 materials. tensile strength to 227 ± 10 MPa with a small decrease in the plasticity compared with the initial A356 alloy. Table 1 presents mechanical properties of the А356 alloy before and after vibration treatment. The increase in composite strength characteristics compared with the initial A356 alloy may be related to the presence of structure heterogeneities that significantly affected the final mechanical properties of the materials. The mechanical properties were apparently formed due to the contribution of two mechanisms resulting from the presence of titanium diboride particles in the material structure. In the first case, the mechanism was due to the influence of the hardening particles on material properties (composite strengthening). The Hall-Petch law, as the second mechanism, appeared to be applicable in response to reducing a grain size of composites (А356 + 0.5 wt% TiB2) from 252 ± 20 µm to 140 ± 12 µm after the vibration treatment (in comparison with an initial alloy).
We observed an improvement in elastic and plastic characteristics with the introduction of 0.5 wt% TiB2. The simultaneous increase in the elastic and plastic characteristics can be explained by a more uniform deformation of the material due to the introduced particles. Belov N.A. [51] suggested that the introduction of particles into the grain body can lead to the deviation of a potential crack from the grain boundary into its volume, and to a greater involvement of the aluminum matrix in the process of deformation and fracture. Uniformly distributed particles can produce maximum plastic deformation of the matrix during crack propagation [51] and prevent the formation of main cracks [52] . A large number of particles can increase the density of interphase boundaries in the structure, reducing the role of grain boundaries as stress concentrators. As a result of the influence of all factors, the fracture mode of the alloy varied from intergranular to transgranular, leading to an increase in fracture toughness, as shown in Figure 5 . The proposed hypothesis is in good agreement with the data obtained using the scanning electron microscope. We observed microparticles of titanium diboride uniformly distributed over the volume of the material in the structure of A356 + 0.5 wt% TiB2 materials. 
Conclusions
The study of the structure formation processes and properties of aluminum alloys in the vibration treatment and the introduction of a modifier, as composite master alloys, allowed us to evaluate the degree of changes in aluminum alloy properties. Elastic vibrations resulting from vibration treatment contributed to a crystal dispersion that appears into the melt. This led to the formation of equiaxed grains and an increase in the yield strength. The introduction of a modifying master alloy into the Al-TiB 2 system further refined the alloy structure, increasing the tensile strength up to 227 ± 10 MPa.
In summary, vibration treatment caused the fragmentation of crystalline grains and the reduction of columnar zones in casts. The formation of relatively large-scale melt flow causes temperature equalization in the liquid volume and the formation of transport processes of solid-phase fine-dispersed particles, a growth of crystal nucleation, and dispersed crystals. The increase in the amount of fine-dispersed phase and the transport of these particles by acoustic flows led to the formation of a more uniform fine-grained texture of solidified ingot. 
